We have compared in extracts of activated sludge the number of enteroviruses detectable with buffalo green monkey (BGM) cell-cultures versus the number of enteroviral genomes determined by reverse-transcription quantitative real-time PCR (RT-qPCR). In order to find conditions adequate for quantifying enteroviral RNA isolated from (waste)water we have investigated affinity capture of RNA with polystyrene beads (Dynabeads). The capture efficiency strongly depended on the genomic region chosen for the affinity binding. Capture of the RNA by its 3 0 -tail was most efficient (almost 100%); other regions within the genome yielded variable but lower results. Indirect capture (first hybridization of the RNA to the oligonucleotides, then attachment of the duplex molecules to the beads) was much more efficient than direct capture (attachment of the oligonucleotides to the beads first, then binding of the RNA), and resulted in RNA capture of maximally 60-80%. At least partly, this was due to incomplete hybridization of the RNA to the complementary oligonucleotides.
INTRODUCTION
Most viral pathogens present in polluted water cannot be detected using cell cultures. The detection of virtually all (pathogenic) organisms and viruses has become feasible by nucleic acid hybridization and amplification, provided that adequate RNA or DNA sequences are known.
Until very recently, studies have been limited to qualitatively demonstrate the presence or absence of the nucleic acid of a (pathogenic) organism or virus, quantitative approaches were difficult or unreliable. However, there are a number of important issues in environmental and health related microbiology which can be addressed only if quantitative estimates of pathogens in the water sources can be carried out. Among those is the estimation of the ratios of fecal indicators to pathogens and the enumeration of pathogens which pollute recreational water or other water used for human purposes. Once the concentration of pathogens can be reliably quantified in environmental water, it will be feasible to derive risk assessments values from the estimated amount of pathogens ingested. Besides the significance for health related issues, quantitative ecological studies of noncultivable microorganisms would be considerably boosted by quantitative procedures (Holland et al. 1991; Becker et al. 2000; Schvoerer et al. 2001) . acid recovery efficiency of extraction methods currently available (Lebuhn et al. 2003) . The presence of substances which inhibit the enzyme activities required for reverse transcription PCR (RT-PCR) can also considerably affect the quantitative determination of pathogens (Lebuhn et al. 2003) . Quantification of minute amounts of pathogens in environmental samples by PCR based techniques hence requires maximum extraction efficiencies and highest purity of the extract to avoid false negative results.
Isolation and concentration of viral RNA from environmental samples by hybridization to complementary oligonucleotides attached to magnetic beads has been reported (Gilgen et al. 1995; Jacobsen 1995; Regan & Margolin 1997; Loisy et al. 2000; Maher et al. 2001 ). This procedure is very promising since separation of the hybridized beads from the liquid phase in the sample may simultaneously remove potential inhibitors and non-target nucleic acids from the target sequences.
The objective of this study was to optimize conditions influencing the attachment of nucleic acids to either polydT or to streptavidin-coated polystyrene beads. Using the poliovirus 1 genome as a model target nucleic acid, the efficiency of oligonucleotides complementary to different regions of the poliovirus 1 genome for binding of the RNA to the paramagnetic beads was compared.
The sensitivity achieved with our optimized RNA extraction, reverse-transcription quantitative real-time PCR (RT-qPCR) approach was compared with the sensitivity achieved with a cell culture procedure for the detection of enteroviruses. In order to avoid any additional procedure for the concentration of enteroviruses which may have rendered the viruses non-infectious and bias the comparison of the RT-qPCR with the cell culture procedure, we carried out the analysis with unconcentrated extracts from activated sludge.
MATERIAL AND METHODS
Wastewater samples, extraction of activated sludge for cell culture infectivity test and real-time PCR Grab samples of 100 ml were taken from the activated sludge basin of a Berlin wastewater treatment plant, brought to the laboratory, and each mixed with 10 ml chloroform.
After pouring the sample in an Erlenmeyer flask, it was shaken vigorously for 60 minutes at room temperature in an end-over-end shaker, and left standing until the chloroform had settled down (usually 5 to 10 minutes). The upper water phase was centrifuged at 47,000 g for 10 minutes (Sorvall SS 34) in order to sediment the coarse particulate matter but leave the viruses in suspension. The supernatant was transferred to a sterile vacuum flask with a silicon rubber stopper equipped with a cotton-plugged inlet and an outlet.
Air was blown in through the inlet until no chloroform smell was detected at the outlet. This step was necessary to sufficiently remove the chloroform which might otherwise have damaged the cell cultures.
For the inoculation of cell cultures, 5 ml of the wastewater extract was mixed with 5 ml of twice concentrated minimal essential medium (MEM) containing 2% fetal calf serum (FCS). Additionally 20 ml of an antibiotica mix was added yielding the following final concentrations: penicillin, 500 I.U. ml
21
; streptomycin, 0.5 mg ml 21 ; kanamycin, 0.05 mg ml 21 ; nystatin 25 I.U. ml 21 .
One hundred ml of this suspension (i.e. the mixture of activated sludge extract, MEM and antibiotica) were distributed in each well of a 96-wells microtitre plate which had been seeded the previous day with c £ 3 £ 10 4 buffalo green monkey (BGM) cells per well in 100 ml MEM (2% FCS). This medium was not removed before the addition of the extract, so that the total final volume per well was 200 ml, containing 1.5% FCS.
After 7 days of incubation at 368C the wells were examined for cytopathic effects (CPE). When more than ten wells displayed a CPE, the cell culture assay was repeated with less than the 100 ml extract volume used before, and the volume difference was made up with MEM. The number of positive wells of the second assay was then set equal with the number of infectious units in the volume applied.
Although a more accurate approach, such as a most probable number (MPN) procedure, would have been more appropriate, we decided not to do so because the cell toxicity of the extracts was too high when the amount of wastewater or activated sludge exceeded 50% in the cell medium to which the cells were finally exposed. This fact prevented us from using cell medium with a higher fraction of wastewater or activated sludge, and subsequent dilutions thereof, in order to implement an MPN dilution system. Oligonucleotides (Table 1) were 3 0 labelled using the kit purchased from and following the procedures of Boehringer, Mannheim. 32 P-alpha-labelled ddATP and 32 P-UTP for the transcription were purchased from Applied Biosystems and Amersham.
Submarine electrophoresis was performed in 2% agarose gels as described in Kopecka et al. (1993) . After blotting the gel using standard procedures, the nylon membrane was hybridized overnight at 458C against 1 -3 £ 10 7 cpm of the labelled probe in 5x SSC, 35% formamide, 3x Denhardt's solution, 0.5% SDS and 5 mM potassium phosphate buffer, pH 7.5. After washing out unbound probe in 2x SSC / 0.1% SDS at 458C for 10 min twice and once for 20 min at 618C, the membrane was dried and incubated with a Kodak Film X-OMAT AC at 2 808C in the presence of an intensified screen from Dupont. Where stated, the areas to be counted were identified by superposition of the corresponding X-ray film, cut, and their radioactivity was counted in a Packard liquid scintillator counter. The volume of the beads suspension used for each binding experiment was, unless stated otherwise, 100 ml.
This volume corresponds to 1 mg beads and contained 100 pmol streptavidin or, according to our own estimations using 32 P-labelled poly-dA-tailed oligonucleotides, at least 200 pmol poly-dT side chains, respectively. The amount of RNA (for direct capture) or RNA-oligonucleotide duplexes (for indirect capture) introduced in the binding assays never exceeded 10% of the theoretical binding capacity of the beads.
Liquid-phase hybridization
For the standard liquid-phase hybridization we incubated 0.5 pmol RNA and 1.5 pmol oligonucleotides in 250 ml viruses, suspended in 5 ml lysis buffer without proteinase K, was added to 20 ml of 1.25x hybridization buffer and incubated for 3 h at 658C.
Five ml of all hybridization mixtures, plus a negative control containing only ultracentrifugation supernatant, were separated by electrophoresis, blotted and radioactive areas were quantified as described above.
Detachment of RNA from the beads
For this experiment, we used Dynabeads streptavidin which had been coupled with oligonucleotide 3 and hybridized with radioactive pHK8 transcripts. The RNA loaded beads were washed three times at room temperature with 0.2 ml distilled DEPC-treated water using the MX 1 sample mixer.
Equal fractions of the beads were resuspended in parallel in 100 ml bidistilled water, 10 mM Tris-HCl buffer (pH 8.0) or PCR buffer, heated at 908C for 5, 10 or 30 min, and immediately immersed in ice-water. The beads were then separated from the supernatant at 48C with the MX 1 sampler mixer placed in a refrigerator. The radioactivity released into the supernatant was determined.
Reverse transcription (RT) and quantitative real-time PCR (qPCR)
Reverse transcription was carried out in 25 ml, containing PCR buffer (50 mM KCl, 10 mM Tris-HCl, 2.5 mM MgCl 2 ), 2 ml of the supernatant, 0.75 mM primer 11 ( Radioactive transcripts, which lacked poly-A (plasmid PHK8 lacks the 3 0 poly-dT stretch and therefore the 3 0 poly-A tail is missing in its transcripts), were then exposed to the Dynabeads-oligonucleotide-hybrids, and the radioactivity of the supernatants was monitored at different intervals. Figure 1 (triangles) shows that less than 15% of pHK8 transcripts were bound by region 510-534. The other two regions bound only 10% of the transcripts (not shown).
We next wanted to find out if the capture efficiency could be improved by first hybridizing the oligonucleotides to the viral RNA and subsequently exposing the duplex molecules to the beads (indirect capture, as opposed to the direct approach of the previous experiment). 32 showing that exhaustion of the beads' binding capacity was transcripts was tested at different conditions. Best RNA release was obtained when the complexes were treated with PCR buffer at 908C for at least 5 min ( Table 2) .
Effect of the hybridization temperature on RNA stability
Radiolabelled pHK8 RNA was hybridized to Dynabeads streptavidin for 10 min at different hybridization temperatures. The radioblots showed that at room temperature and and RT-qPCR regions should not be separated and ideally should be identical.
Lysis conditions for poliovirus Sabin 1
We tested whether our standard lysis/hybridization conditions suffice for lysing strain Sabin 1, or if the addition of proteinase K which possibly might damage the RT or PCR enzymes, may be necessary. With and without proteinase K (50 mg ml 21 ) and irrespective of the lysis time, 37 -46% of the oligonucleotide radioactivity was retarded due to hybridization with RNA. No radioactivity was found in the negative control (ultracentrifugation supernatant).
Taking into account that each hybridization tube contained 0.04 pmol oligonucleotide, the amount of lysed viral genomes present was estimated to be c. P-labelled oligonucleotide 4, and the hybridization mixtures were exposed to (a) Dynabeads streptavidin or (b) Dynabeads oligo (dT)25, respectively. 1, hybridization mixture prior to hybridization; 2, hybridization mixture after liquid-phase hybridization; 3, supernatant of 2 after exposure to Dynabeads streptavidin; 4, supernatant of 3 after re-exposure to fresh Dynabeads. Various grab samples from the activated sludge basin of a wastewater treatment plant were assayed for the presence of infectious enteroviruses by cell culture and enteroviral genomes by RT-qPCR. Table 3 shows that there was no correlation between quantification by cell culture and RTqPCR, and that cell culture values were consistently considerably lower than the RT-qPCR values.
DISCUSSION
We investigated the capture of enteroviral RNA by Dynabeads using specific sequences of the Human Polio- probably as a consequence of poor accessibility of these sites (Fuchs et al. 2001) . 
